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INTRODUCTION
Fluid fl ow, heat and mass transfer in partially porous cavities are common in industrial processes or environmental situations, such as geothermal engineering, nuclear waste treatment, drying processes, etc. Many efforts have been directed at studying such problems. Two kinds of approaches are suggested for numerical simulation in many literatures. One is a two-domain approach (TDA). While coupling two sets of governing equations in porous medium/fl uid regions, usually different interfacial conditions are considered to couple the momentum equations in each domain. The other method is a one-domain approach (ODA). Two sets of equations in the porous medium and fl uid regions are unifi ed into one equation with the introduction of a binary parameter, so that the continuous interfacial condition is satisfi ed automatically. Understanding the transfer characteristics at a porous medium/fl uid interface is crucial for developing accurate models in which heat or mass transfer is involved. The lubrication process, associated with a porous bearing, provided the impetus for the original experimental study of Beaver and Joseph (B-J) (1967) , besides numerous subsequent studies (Das et al., 2002; Miglio et al., 2003; Valencia-Lôpez and Ochoa-Tapia, 2001 ) with the B-J slip condition at the porous medium/fl uid interface:
where i u and p u are the velocities at the porous medium/fl uid interface and in the porous region, K is the permeability, y = 0 is expressed as the interface, α is the slip velocity coeffi cient at the interface determined in experiments.
It is clear that the mass and momentum must be balanced across the porous medium/fl uid interface. Since the porous medium is made up of a solid matrix, the matrix shares the stress with the fl uid fi lled in the space of the pores, while in the clear fl uid region, only the fl uid bears the stress. Therefore, the stress across the porous medium/fl uid interface might not be continuous (Tan and Pillai, 2009 ). Ochoa-Tapia and Whitaker (OT-W) (1995b) used a volume averaging method to develop a stress jump condition for momentum transport at the interface. In their study, the shear stress is inversely proportional to the permeability of the porous medium as follows:
where ε is the porosity, u is the velocity, K is the permeability, the subscripts p and f indicate the porous medium and the fl uid region, respectively, and u i indicates the interfacial velocity. The stress jump coeffi cient β is an adjustable parameter of unity order, which depends on the structure of the interface and fl ow geometry. Good agreements were obtained by adjusting β when the analytical results were compared with B-J results (Ochoa-Tapia and Whitaker, 1995a) . After that, Ochoa-Tapia and Whitaker (1998) developed another stress jump condition, namely:
where 1 β is the viscous stress jump coeffi cient, the same as shown in Eq. (2), and β 2 is the inertial stress jump coeffi cient. By using the average volume method (Ochoa-Tapia and Whitaker, 1995b), the stress jump coeffi cient 1 β is given in terms of the excess bulk stress and the excess Brinkman stress, as represented by the fi rst and second terms of the following equation:
where β μ is the viscosity of the fl uid phase, δ is the thickness of the porous medium/fl uid interfacial layer, βω K , βω F , and βω ε are the permeability tensor, Forchheimer tensor, and porosity in the homogeneous region, respectively, A and D are the unknown coeffi cients on the order of one, λ is the unit tangent vector to the porous medium/fl uid interface.
The stress jump coeffi cient 12 β is calculated by the excess bulk inertial stress (Ochoa-Tapia and Whitaker, 1998):
where M is the second-order tensor that maps 1 − β βω ω ε v onto the spatial deviation velocity. Obviously, the stress jump coeffi cient could not be determined directly because of the presence of the unknown coeffi cients or tensors in the expression. Many efforts have been made to study the stress jump coeffi cient.
The results obtained by the two-domain approach and one-domain approach were compared by Goyeau et al. (2003) , who demonstrated the dependence of the stress jump coeffi cient on the continuous variation in the transition region. Valdés-Parada et al. (2009) computed the stress jump coeffi cient by using a closed generalized transfer equation at the fl uid/porous medium interface and compared their results with those of Goyeau et al. (2003) . Chandesris and Jamet (2006) showed that the stress jump condition was related to the slip velocity through porosity and permeability. Also, they computed the velocity in the channel by providing porosity and permeability profi les (Chandesris and Jamet, 2007) . However, the macroscopic velocity in the fl uid region was not predicted correctly. Jamet and Chandesris (2009) proposed that the jump parameters could be interpreted as surface-excess quantities, which depended linearly on the position of the discontinuous interface. Hirata et al. (2007) examined the infl uence of the stress jump boundary condition on the stability of natural convection in superposed fl uid and porous layers. In their paper, they showed that the stress jump coeffi cient infl uenced the stability of bimodal curves signifi cantly when the depth ratio is small. The fl ow fi eld in the clear fl uid region was found to be more unstable due to the large wave numbers, but the fl ow in the porous layer was relatively stable because of the small wave number.
Valdés-Parada et al. (2013) proposed a methodology for the derivation of boundary conditions for both the velocity and stress. The jump coeffi cients in the conditions could be computed from the solution of an auxiliary macroscopic closure problem that accounted for the deviations from the one-and two-domain approaches. However more effort should be addressed to capturing the essential information on the interregion. D 'Hueppe et al. (2011 'Hueppe et al. ( , 2012 ) presented a two-step up-scaling approach to determine the jump relations at the porous medium/fl uid interface. They reported that the use of continuous or discontinuous conditions depended only on the interface location inside the transition region, in which the particular interface location could be determined by resulting jump relations.
Most efforts have been directed to analyzing the key factors infl uencing the stress jump coeffi cient by using a mathematical method, and mainly the cases of forced convection are discussed. In this paper, we propose another method to study the stress jump coeffi cient at the porous medium/fl uid interface in a cavity, in which the fl ow is driven only by thermal buoyancy forces. This paper is organized as follows. In Section 2, governing equations of natural convection in a partially porous medium are derived based on the one-domain approach. In Section 3 we introduce the numerical method and verify the validity of the method by comparing the results with those obtained in earlier papers. In Section 4, the fl ow properties in the cavity, especially in the transition region are illustrated and the stress jump coeffi cient is analyzed at different Rayleigh numbers. Figure 1 shows the sketch of the physical model. In this model, the porous medium is located along the left wall of the square cavity with the size of the side being L, and the fl uid fi lls the remaining region, including the space in the porous medium. The thickness of the porous medium is a tenth of the width of the cavity. A real porous structure of the sponge is scanned by using X-ray computed tomography (X-CT). The photo is handled by using a MATLAB program and imported into the model with a DXF format. The local amplifi cation near the interface region is shown in Fig. 1 . The porosity of the porous medium is 0.73 according to the measured areas occupied by the fl uid and solid matrix, respectively. High and low temperatures (T h and T l ) are set at the left and right walls, respectively.
MATHEMATICAL MODEL
The porous medium is saturated by water, and the solid matrix is taken as a barrier. The one-domain approach is used to set the model, in which the Navier-Stokes equation governs the fl uid fl ow in the whole region and energy conversation equation directs the convective heat transfer with local heat equilibrium at the interface of fl uid and microsolid matrix. With the dimensionless parameters
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where u , p , and T are the velocity vector, pressure, and temperature, respectively; U, P, and θ are the dimensionless velocity vector, pressure, and temperature, respectively; μ, c p , and ρ are the viscosity, specifi c heat, and density of the fl uid, respectively; k * is the effective thermal conductivity; g is the acceleration of gravity; K is the permeability of the homogeneous porous medium; the subscript f indicates the fl uid, 0 indicates the referred status (conditions of the temperature T l ). The property of the fl uid is satisfi ed the Boussinesq approximation:
where the volume expansion coeffi cient β T is defi ned by the following relation:
The boundary conditions are set as follows:
where n is the unit normal vector. 
NUMERICAL METHOD
The unknown variables U, P, and θ are approximated over the shape functions N for the velocity, pressure, and temperature, respectively, and the partial differential governing equations are solved by using the fi nite element method. The weak variational formulation of fl ow and heat transfer coupled equations could be obtained as
The thermal buoyancy forces are expressed as:
where [N] is the shape function matrix, the subscript i indicates nodes of the triangular element, and Ω is the domain of integration.
As a result of the grid independence and accuracy, the maximum element sizes are 2.5 × 10 -3 at the outside boundaries and 1.8 × 10 -3 at the porous medium/fl uid interface. Away from the outside boundary, the element growth rates are 1.15 for the porous medium and 1.2 for the fl uid region, respectively. Figure 2a compares the numerical results of Alazmi and Vafai (2001) with those obtained in this paper by using the one-domain approach for forced convection in a partially porous channel. In this case, the porous medium is set at the top of the channel and the fl uid fl ows at the bottom of the channel. Figure 2b shows the comparison of the numerical results obtained in this paper with those of Goyeau and Gobin (1999) who studied the natural convection in a partially porous cavity with a continuous condition at the porous medium/fl uid interface. The maximum error of the Nusselt number along the left wall is only 1.53% of the results obtained in (Goyeau and Gobin, 1999) and in this paper. The two comparisons verify that the numerical method in this study is valid for the problems of convection in partially porous systems.
FIG. 2:
Comparison between the present work and referred papers
RESULTS AND DISCUSSION
In the following sections, the fl ow properties in the cavity, especially in the region near the interface, are discussed. The change in the shear stress, velocity, and stress jump coeffi cient is analyzed at the porous medium/fl uid interface. For the sake of brevity, the fl ow is restricted to a laminar status with the range of Rayleigh numbers from 1.42 × 10 3 to 3.83 × 10 7 .
Thickness of the Transition Region
Due to the porous medium and the clear fl uid region coexisting in the cavity, the fl ow behaves differently in these regions. The porosity is a constant value in the homogeneous porous medium and is equal to 1 in the clear fl uid region. Then there should be a transition region in which the porosity increases quickly and continuously from a constant value to 1. The fl ow properties in different regions, especially in the transition region are considered, with the stress jump coeffi cient being relative to these properties. Then we elucidate the structure of the transition region. Figure 3 illustrates the change in the porosity near the interface, which is calculated as
where A i is the rectangular plane at the thickness of the porous medium between the height 0 and 1, and A c is the area of intersection of matrix solids in A i . Figure 3 shows that there is an oscillation of the porosity at the interface. According to the variation of the porosity, we determine the dimensionless thickness of the transition region to be 0.008. The outer margin of the porous matrix close to the clear fl uid region (x = 0.1) is taken as the porous medium/fl uid interface, and the porous region adjacent to the interface is taken as the transition region (x = 0.092-0.1).
The permeability is another key factor that requires consideration. The Kozeny-Carman equation is used to determine the permeability normally to be constructed regularly porous materials. However, the pores are nonuniform in a real porous medium. Considering that the permeability is not the focus in this paper, a simple method is used to obtain the permeability. Goharzadeh et al. (2005) reported that the measured transition layer thickness at a fl uid/porous medium interface is predicted to be of the order of the grain diameter. On the other hand, with respect to K , the thickness of the transition region obeys the following correlation:
Then the permeability could be estimated by the thickness or the average grain diameter. As a result, we take the dimensionless permeability for the real porous medium to be 7.24 × 10 -9 .
Velocity and Shear Stress
Figures 4 and 5 show the horizontal and vertical velocities in the cavity for different Rayleigh numbers. Irrespective whether the Rayleigh number is large or small, the velocities in the homogeneous porous medium are always much smaller than those at the interface. The horizontal velocities are of the same order in mag- nitude as the vertical ones in a homogeneous porous medium. At the interface, the horizontal velocities are more than one order of magnitude smaller compared with the vertical ones. Figure 6 shows that the vertical velocity at the interface is very small, when Ra = 10 5 , and the velocity increases quickly in the clear fl uid region. At different heights of the cavity, the distances of the fl ow that penetrates into the porous medium are similar to each other. Because of the slow fl ow at the interface, the inertial stress is very small compared with the viscous stress in the transition region. Then only the viscous stress jump is discussed in this paper. respectively. It is clear that the starting point where the velocities increase quickly is the middle of the transition region.
In Fig. 8 , there are abrupt increases in the shear stress in the transition region L bc , which is similar to the change in the velocity, but decreases in the clear fl uid region L cd . Compared with the velocity, the increasing starting point for the shear stress is closer to the left margin of the transition region. Figure 9 shows that the shear stress fi eld in the cross section of the cavity for Ra = 10 7 . From the local amplifi cation, we could fi nd that the contours near the porous medium/fl uid interface are denser than in other regions, which means that there are larger stress jumps at the interface. Figure 10 shows the shear 
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CONCLUSIONS
The fl uid fl ow and heat transfer in a partially porous cavity are examined by using the fi nite element method in this project and the fl ow properties in the transition region are studied in detail for different Rayleigh numbers. The velocity contours illustrate that the vertical velocity is larger than the horizontal ones with increasing Rayleigh numbers, especially at the porous medium/fl uid interface. Then only the vertical velocity and its shear stress are considered in the calculation of the stress jump coeffi cient. Due to the laminar fl ow being the focus of the paper, the fl ow near the interface is slow in the range of calculated Rayleigh numbers. As a result, the inertial stress jump at the interface could be neglected and only viscous stress jump was considered. There is a quick increase in the velocity and shear stress in the transition region compared with those in the homogeneous porous medium and clear fl uid region. In the transition region, the shear stress near the clear fl uid region is much larger than those in the homogeneous medium, which leads to a negative stress jump coeffi cient. When the Rayleigh number increases from 1.42 × 10 3 to 10 4 , the stress jump coeffi cient keeps constant due to the slow fl ow in the cavity. With increasing Rayleigh number, the stress jump coeffi cient increases rapidly. When the Rayleigh number is larger than 10 6 , the stress jump coeffi cient increases more rapidly than ever. In the range of calculated Rayleigh numbers, the maximum difference of stress jump coeffi cient is equal to 13%. 
